Protein functions have evolved in part via domain recombination events. Such events, for example, recombine structurally independent functional domains and shuff le targeting, regulatory, and͞or catalytic functions. Domain recombination, however, can generate new functions, as implied by the observation of catalytic sites at interfaces of distinct folding domains. If useful to an evolving organism, such initially rudimentary functions would likely acquire greater efficiency and diversity, whereas the initially distinct folding domains would likely develop into single functional domains. This represents the probable evolution of the S1 serine protease family, whose two homologous ␤-barrel subdomains assemble to form the binding sites and the catalytic machinery. Among S1 family members, the contact interface and catalytic residues are highly conserved whereas surrounding surfaces are highly variable. This observation suggests a new strategy to engineer viable proteins with novel properties, by swapping folding subdomains chosen from among protein family members. Such hybrid proteins would retain properties conserved throughout the family, including folding stability as single domain proteins, while providing new surfaces amenable to directed evolution or engineering of specific new properties. We show here that recombining the Nterminal subdomain from coagulation factor X with the C-terminal subdomain from trypsin creates a potent enzyme (fXYa) with novel properties, in particular a broad substrate specificity. As shown by the 2.15-Å crystal structure, plasticity at the hydrophobic subdomain interface maintains activity, while surface loops are displaced compared with the parent subdomains. fXYa thus represents a new serine proteinase lineage with hybrid fX, trypsin, and novel properties.
Consideration of hierarchical features of protein architecture is particularly important in the design of novel enzymatic functions (1, 2) . The simplest protein design problems involve the recruitment of existing evolved structural and functional elements (domains or modules) in straightforward recombination of associated properties, for example the combination of separate targeting and effector domains in immunotoxin design (3) or the shuffling of cofactor binding domains of coagulation factors (4) . Many applications would benefit from the recombination of properties within a single functional domain; however, recombination of hierarchical units smaller than functional domains (referred to here as subdomains) generally risks loss of function or folding stability. A cautious attempt in this direction is the recombination of subdomains selected from homologous proteins that themselves have diversified through evolution but that retain relatively conserved catalytic machinery and subdomain interactions. The evolution of protein function via domain duplication and͞or recombination has generated numerous functional domains that comprise two such subdomains (5) (6) (7) (8) (9) . This strategy allows one to swap specific subdomain linked functions, to preserve conserved functions at the interface, and to generate new properties at nonconserved or hypervariable surfaces near the interface. Such new surface-linked properties-most prominently including binding sites-will be ''unevolved'' and therefore amenable to optimization for specific applications by design or directed evolution. Such an approach-the generation of new enzyme ''lineages'' by subdomain shuffling-was described recently in an attempt to change a hydrolase function to a transferase function by appropriate subdomain choice (10) . Here, we adopt a more conservative approach and attempt to preserve efficient enzymatic function as conserved within a protein family while altering substrate specificity and other specific surface properties.
Subdomains were taken from the digestive protease trypsin and the coagulation factor Xa (fXa), both members of the S1 (chymotrypsin) family of serine proteinases (11) . Because this large enzyme family is structurally and functionally well characterized, with representatives in many biotechnological and therapeutic applications, it is an interesting and potentially useful choice for novel protein design experiments. The members of the S1 family are comprised of two homologous ␤-barrel subdomains that pack together asymmetrically to constitute the compact catalytic domain. The subdomain interface forms the active site with the substrate binding cleft running along the subdomain boundary. Notably, the conserved catalytic tetrad residues Ser195, His57, Asp102, and Ser214 are from the C-, N-, N-, and C-terminal domains, respectively. Although the hydrophobic core structures remain conserved throughout the family (12), considerable variation is seen in the surface loops, especially surrounding the active site where they determine substrate specificities (13) . Other surface features introduce cofactor binding sites (14) , regulatory sites (15) , etc. These variations are responsible for the large functional diversity of serine proteases that are involved in various physiological processes such as digestion (5), blood coagulation (16), fibrinolysis (17) , and complement activation (18) . In the case of the hybrid fXa-trypsin protein described here, swapping the fXa C-terminal hemisphere for that of trypsin decouples the hydrophobic, fXa-specific EGF2 binding surface from the fXa N-terminal hemisphere and its substrate binding sites. This particular hybrid thus was chosen as a potential first step in the engineering of a model for fXa inhibitor interactions with crystallization properties more like trypsin.
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MATERIALS AND METHODS
Materials. Enterokinase and enzymes used for DNA manipulation were from Boehringer Mannheim. Chromogenic substrates were from Boehringer Mannheim and Chromogenix (Moelndal, Sweden). 4-NPGB was from Merck (Darmstadt, Germany), Benzamidine Sepharose 6B was from Pharmacia, and PPACK was purchased from Bachem.
Construction of Recombinant Proteins. The rfX-expression plasmid was constructed as described (19) . The DNA fragment encoding rtrypsinogen was amplified by PCR on human pancreas cDNA constructed in the phage vector Lambda ZAP II (Stratagene) by using the oligonucleotides 5Ј-AAAAAACC-ATGGATGATGATGACAAGATCGTTGGG-3Ј and 5Ј-AAAAAAAAGCTTCATTAGCTATTGGCAGCTATGG-TGTTC-3Ј and cloned into rfX-expression plasmid. The expression vector for the fX͞trypsinogen-hybrid (rfXY) was constructed by cloning the DNA fragment of the rfX-part into the rtrypsinogen-expression plasmid. The rfX-DNA fragment was amplified by PCR on the rfX plasmid by using the oligonucleotides 5Ј-AAAAAAATGCATCACCACCACGA-CGATGACGACAAGATCGTGGGAGGCTACAACTGC-AAGGACGGGGAGGTACCCTGGCAGGCCCTGCTCA-TC-3Ј and 5Ј-AAAAAACCAGTGGCTGGAGGGGCGGT-GGGCAGAGAGGCAGGCGCCACGTTCATGCG-3Ј. It encodes residues 16-121 (chymotrypsin numbering) carrying the trypsinogen sequence at residues 20, 21, and 27 to account for a different disulfide bond between fX and trypsinogen.
Expression, Folding, and Purification. rfX, rtrypsinogen, and rfXY were expressed, folded, and purified as described (19) . rTrypsinogen and rfXY were activated with enterokinase in 20 mM Tris⅐HCl (pH 8.0), 50 mM NaCl at 37°C at a concentration of 2 mg͞ml recombinant protein, and 2 g͞ml enterokinase and further purified by affinity chromatography on benzamidine Sepharose (20) . The active site concentration was determined by titration with 4-NPGB (21) .
Amidolytic Assays. Assays were carried out in 50 mM Tris, 200 mM NaCl, 5 mM CaCl 2 , and 0.1% polyethylene glycol 8000 (pH 8.0) at 25°C as described (19) .
Structure Determination. Purified rfXYa was inhibited with a fivefold excess of PPACK and crystallized in 100 mM Hepes (pH 7.8), 15% polyethylene glycol 6000, and 15 mg͞ml rfXYa at 4°C in sitting drops by using the vapor diffusion technique. Reflections (28,062) were collected on a MAR imaging plate system and processed with MOSF LM (22) and programs from the CCP4 Suite (23). The space group was C2 with one molecule in the asymmetric unit, and cell constants were a ϭ 65.5 Å, b ϭ 48.9 Å, c ϭ 75.5 Å, and ␤ ϭ 111.5°. The structure was solved by molecular replacement by using a search model of rfXYa constructed by combining coordinates from fXa (PDB ID code 1hcg) (24) and trypsin (PDB ID code 1trn) (25) . Rotational and translational search was done with AMORE (26) by using data from 15 to 3.5 Å. A single solution was found with a correlation factor of 51.8% and a R-factor of 38.7%. Crystallographic refinement was performed with X-PLOR (27) and MAIN (28) by using a total of 10,714 reflections in the range of 8.0-2.15 Å. The data used for refinement were 89.3% complete to 2.15 Å (91.6% completeness in the 2.25-2.15 Å shell) with an R-merge of 7.2%. Refinement included rigid body minimization, overall temperature refinement, positional refinement, individual temperature factor refinement, and manual model building against 2Fo-Fc and Fo-Fc electron density maps. The model was refined to an R cryst of 18.5% (R free 24.1%) and contains 82 water molecules. The quality of the final model was evaluated with PROCHECK (29) with 85.6% of the residues in the core region and 14.4.% in the allowed region of the Ramachandran plot. The rms deviation of bond lengths was 0.005 Å and that of bond angles was 1.2°. Atomic coordinates have been deposited in the Protein Data Bank.
RESULTS

Design of the Hybrid Enzyme.
To engineer the fXa͞trypsin-chimera (rfXYa), a gene was constructed by combining the DNA encoding the N-terminal ␤-barrel of fXa with the DNA of the C-terminal ␤-barrel of trypsin. The boundary of the subdomains was chosen by graphical inspection of the crystal structures of fXa (24) and trypsin (25) to be residue 122 (Fig.  1) , located in a linker region between the N-and C-terminal ␤-barrel. A problem arose near the N terminus of the molecule, where Cys22 forms disulfide bridges with cysteine partners that differ between fXa (Cys27) and trypsin (Cys157). The former is located within the N-terminal subdomain, whereas the latter bridges the two subdomains (Fig. 2) . Initially, both variants were constructed in parallel. To preserve packing, additional mutations were introduced in the vicinity of the disulfide bridge: In the case of Cys22-Cys27 (fXa-variant), we introduced Cys157Met; in the case of Cys22-Cys157 (trypsinvariant), we introduced Gln20Tyr, Glu21Asn, and Cys27Val. Both hybrid proteins were expressed in Escherichia coli as insoluble protein aggregates (inclusion bodies) and successfully folded in vitro. The folding efficiency of Ϸ20-40% correctly folded material per starting material was in the range of that of rtrypsin and rfX (data not shown). Preliminary characterization of both disulfide bridge variants revealed no significant difference with respect to folding and formation of activity, and we focused on the trypsin variant for structural and enzymatic characterization.
Overall Structure. To study the structural effects of the subdomain shuffling and to confirm correct folding, we determined the crystal structure of the hybrid in complex with the covalently bound D-Phe-Pro-Arg-chloromethylketone (PPACK) inhibitor. The 2.15-Å crystal structure (Fig. 2) confirmed the formation of the general structural features of S1 family serine proteinases: Both subdomains adopted the six-stranded antiparallel ␤-barrel fold with native disulfide bridges and assembled asymmetrically to form the substrate FIG. 1. Primary structure of the fXa͞trypsin hybrid. The primary structure of rfXYa is shown in an amino acid sequence alignment (single letter code) of the catalytic domain of human coagulation factor Xa and human trypsin 1. Conserved residues (38% sequence identity) are boxed and shaded blue. Segments taken from fXa are colored yellow; those from trypsin are colored red. Three residues at the N terminus (Y20,E21 and V27) were taken from trypsin (red) to account for a different disulfide bridge in fXa (C22-C27) and trypsin (C22-C157). The trypsin disulfide bridge C22-C157 was used. Both subdomains contribute to the catalytic tetrad (denoted by asterisk). binding cleft and the catalytic tetrad; the N terminus inserted in the C-terminal barrel to form the activating buried salt bridge with Asp194; the C terminus formed a helix across the N-terminal ␤-barrel.
Comparison to fXa and Trypsin. The active site of rfXYa retains the structures conserved between the respective parent molecules (Fig. 3) , including the catalytic tetrad, the oxyanion hole, and other catalytic elements at the subdomain boundary. Small changes in side chain orientations may be attributed to the presence of the covalently bound PPACK inhibitor. Successful subdomain assembly and particularly activity confirms the complementarity of the hydrophobic 3,000 Å 2 contact face. Approximately 30% of residues making up the interface contacts differ between trypsin and fXa, presenting the possibility of unfavorable mismatches. Although these mismatches occur throughout the core elements of the interface, they are more abundant at surface segments of the interface (Fig. 4) . Consistent, however, with the activity and overall stability of the hybrid, the hydrophobic core elements generally retained their structure with minor plastic adjustments to accommodate mismatched residues. In contrast, several surface loops showed large divergence from their structure observed in the parent molecule (Fig. 4) .
Inhibitor Binding. The tripeptide inhibitor PPACK was bound to the active site formed at the subdomain interface (Fig. 5 ). PPACK interacted with the hybrid enzyme as a substrate analog as seen in other serine protease-PPACK complexes such as thrombin (30) , coagulation factor IXa (fIXa; ref. 31) , and protein C (32). P1-Arg was bound covalently to His57 and Ser195 with its side chain forming a salt bridge with Asp194 at the base of the S1-Pocket. The main chain of PPACK formed the ''canonical'' antiparallel ␤-sheet with the main chain residues Ser214, Trp215, and Gly216 located at the rim of the S1-pocket. The conformations of the P1-arginine and the P2-proline strongly resembled those found in the other serine protease-PPACK complexes. The side chain of P3-D-Phe, however, was found not to occupy the S3͞S4 pocket as in thrombin and protein C but instead was rotated away from the active site in a conformation similar to that in PPACK-fIXa. Amidolytic Activity and Specificity. As an engineered protein, the hybrid molecule displayed a surprisingly high catalytic activity toward a variety of synthetic substrates (Table 1) . In fact, its amidolytic activity was similar to that of rtrypsin and rfXa [and also to the respective native proteins (19, 33) ], in accord with the well formed active site in the crystal structure.
rfXYa exhibited a molecular recognition profile similar to that of rtrypsin, with K m values more typical of rtrypsin than rfXa. This is presumably because of the concentration of substrate binding interactions predominantly by the trypsin subdomain. More specifically, the S1 subsite is formed by the C-terminal subdomain (trypsin part), whereas S2 and S3 are formed by both subdomains. However, substrates containing a large residue in P2 are hydrolyzed quite differently than by rtrypsin, presumably because of the contribution of the 99-loop (fXa subdomain) considered to be responsible for fXa's pref- Fig. 2 ) with representative 1.0 contoured 2Fc-Fo electron density for the catalytic tetrad residues His52, Asp102, Ser195, and Ser214 as well as for the PPACK inhibitor. The N-terminal subdomain of fXYa (red) is superimposed with the N-terminal subdomain of fXa (blue); the C-terminal subdomain (yellow) is superimposed with the C-terminal subdomain of trypsin (green). The structure shows a well conserved catalytic triad and specificity pocket. Some side chain adjustments in substrate binding sites (S1-S3) presumably originate from interaction with PPACK.
erence for glycine residues in P2 (34) . A plot of the transition state stabilization energy differences for all substrates revealed a considerably broadened substrate selectivity of rfXYa compared with rtrypsin and rfXa (Fig. 6) . Although both rtrypsin and rfXa displayed Ϸ2 kcal͞mol transition state stabilization difference between the most favorable and least favorable substrate tested, the chimera displayed Ͻ1 kcal͞mol.
DISCUSSION
In an alternate subdomain swapping approach that attempted also to mix different enzymatic reactions, Nixon et al. (10) succeeded in supplementing a hydrolase activity with some transferase activity by introducing a new subdomain linked substrate binding site. However, the combination of subdomains catalyzing similar but different reactions lead to an overall loss of catalytic efficiency by a factor of Ϸ10
Ϫ4
. Our more conservative approach, combining subdomains from enzymes catalyzing the same reaction but with different substrate specificity profiles, led to no significant loss of activity. This might be considered surprising because the catalytic machinery and the substrate binding cleft are formed with equal contributions from each subdomain. As established by the crystal structure and the kinetic analysis, the homologous but diversified subdomains from trypsin and fXa, when recombined, not only retain their subdomain specific features but also join to form a highly active proteolytic complex with novel features.
The relative preservation of structures in rfXYa compared with the parent molecules resembles the pattern of structural variability and conservation within the chymotrypsin family (12) , that is, core elements remain conserved while surface Fig. 2 ) superimposed with the active site of PPACK-thrombin (grey sticks; PDB ID code 1ppb). PPACK binds in a substrate-like binding mode: P1-arginine extends into the S1-pocket; the backbone forms a ␤-sheet with the enzyme backbone at positions 214-216; and P2-proline occupies the S2-pocket. Characteristic hydrogen bonds of the transition state-serine proteinase interaction are formed (dashed lines). The binding mode is identical to that observed in PPACK thrombin except for the orientation of the P3 sidechain: in thrombin, the phenyl moiety of P3 fits into the S3͞S4 site whereas in rfXYa it is rotated toward the bulk solvent. 95 (1998) elements are variable, with hypervariability at domain interface regions. This is reflected also in the kinetic data of rfXYa: Specific features of rtrypsin and rfXa substrate specificities are recognizable, whereas overall specificity is broadened. In general, the hybrid specificity seems derived from three structural elements: the N-terminal subdomain 99-loop contributes a fXa-like preference for small P2 residues; the C-terminal subdomain S1 site and parts of P3͞P4 have overall trypsin-like substrate affinities; and, loop rearrangements in the intersubdomain boundary lead to a broadened specificity (Fig. 4) . Experiments with variants of chymotrypsin (36) and unrelated proteins (37) have demonstrated the high sensitivity of enzyme specificity and activity to seemingly minor or distant mutations. In the case of fXYa, the functional origin of the broad substrate specificity seems to be the compensation of high K m values (an estimate of the substrate binding for amide substrates) by high k cat values (an estimate of the acylation rate for amide substrates). By comparison, lower K m values with rfXa and rtrypsin correlate with higher k cat values. This indicates that rtrypsin and rfXa bind favorable substrates (those with low K m values) in a form susceptible for cleavage, while rfXYa binds favorable substrates in a form less susceptible for cleavage. Taking the tripeptide inhibitor PPACK as a model for such a transition state (38) , the structure shows that the PPACK P1-arginine and P2-proline bind the hybrid with conformations and hydrogen bonds as observed for other serine proteinases (30 -32) . The conformation of P3-Dphenylalanine, however, resembled that of PPACK-fIXa in that the phenyl moiety is not inserted into the S3͞S4 but rather points toward solvent (Fig. 5 ). This binding mode disables specific P3 recognition by S3͞S4, reflecting the broad P3 specificity of the hybrid. This feature is a consequence of the subdomain contact at S3͞S4, formed by the 170 loop and 99 loop, which is more restricted than in the parent enzymes. Good fXa and trypsin substrates, those with large hydrophobic D-amino acids in P3 (Table 1) , are consequently less favorable, flattening the specificity profile. In addition, substrate interactions in S3 also were shown to influence the S1 specificity (36) . Although all hydrogen bonds characteristic for the family are formed in PPACK-fXYa (Fig. 5) , small distortions caused by unfavorable P3 recognition can broaden the S1 specificity by influencing the loop formed by residues 216-220 (39) .
The hybrid of two serine proteinase halves (subdomains), chosen from two divergent members of the S1 chymotrypsin family with an overall sequence identity of roughly 40%, demonstrates what might be generally expected from subdomain hybrids: Subdomain-linked properties as well as general enzyme family properties are preserved, whereas novel properties associated with the periphery of the subunit interface arise. Although the preservation of properties enables rational engineering of some functional characteristics, the unpredictable generation of new properties is simultaneously prohibitive and fortuitous for design. Opportunity lies in the aptitude of these properties for subsequent optimization, for example by directed evolution methods. This supports our expectation that the generation of new subfamily ''lineages'' is likely to be of general applicability to protein design problems. Table  1 by rfXa (F), rfXYa (s), and rtrypsin (OE). The rate of the noncatalyzed reaction knon is independent of the enzyme used and was set to 1 for the purpose of the comparison. The SEs are shown as bars. To indicate selectivity, the substrates are sorted according the increasing ⌬G ‡ values for each of the enzymes separately. 
